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Description 

^esentir^on^^ 

^electron* devices (tor recent ^ Lh as very good mechanics, ar* optica, prop- 

material and especially polymers, present a ^^^^T^a chemical structures, 
erfes, ease of prcoessabifity and aknost ^^drtiniberrt raised the possWUty of solid-state light 

The high photoluminescence observed m many organ* s ^™^° rL£D «\ were first fabricated from 

ml organic moloculot (3. 4). n»so «^/SSL^Ti« , oTotrtwittO pol»ow». poraowny mot. aaUo. «i 
"^ST?S£ 2a«zed that ^ ^^ST^ 

promising candidates for active laser ^^^^S^^S^tm^ in dye doped polymeric optical 
mechanical P 0 *"^^ (38. 39) operating in the yellow/red 

r*s£r^ 

paraUetothatof the rnost effide* laser dye *«^ n **^ ar9base d on poly(p-phen y lene-vinylen 8 ) (PPV) films 
^Th. most efficient known ^^^S^nS^^y blue light emitting 

flexible polymer chain (15). u.- wnvelenoth of light emitting materials to influence the color 

In general it is desirable to b-ableto vary the ^^^S^ ,erjin the polymer and of its side- 
of the emitted light The emission ^^^^J^^^^h and the side-chains used, 

chains. ^^ZZ^^o JroS ^ drfeT.igX^ng polymer materia* * whk* the con- 

According to the invention a copolymer *P rw ^<*^£"* * orientation of the molecule and thereby 

lasers, of a new blue light emrttng . ngd ^^J^ientative oTSegroup of compounds according to the 
nylene-vinylena], hereafter ^^ a,{ ***^"S™ been synthesized and analysed. Table 1 shows their 

9 rr~c^ 
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Table 1 

Novel copolymers 





Polymer Backbones 


Substituents (R) 


1 








alkyl (C^iu) 
aJkoxy (0- &H17) 
andOC4Ht) 


2 






mm 

n 


alkyl (CmHi?) 
alkoxy (O CJin 
and O- CJ-W) 


3 








• 

-O 


■ 


alkoxy (O-CVM 


4 








• 


alkyl (C*hU) 
aflcoxy (O- C*Hir 
and O- C4H9) 


5 














alkoxy (O CtHir) 
crown-ethar 


6 




alkoxy (O- CH„) 



The fully unsatured backbone of the TOP-PPV polymer (Figure 1a) consists of regularly alternating tetraoctyMer- 
phenylene (TOP) and p-phenytene bisvinylene blocks. In this type of * -aromatic structure, the blue PPV-like chromo- 
phores are linked through another conjugated unit presenting a higher bandgap. Solubility of the conjugated form is 
obtained through the presence of long alkyl side-chains on the terphenylene units. 
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The synthetic approach to this polymer is sketched in figure 1a. The key intermedfete in the synthesis is the dihal- 
ogenated, alkyi substituted terphenytene monomer. This compound was obtained through a nickel-catalyzed Grignaid 
coupling (16) between 2-bromo-1,4-dk>ctyt>enzene and p-duodobenzene. The mono-brominated dioctytoenzene could 
be obtained by mono-brorrination of the dioctylbenzene liquid. The latter was also synthesized from a nickel catalyzed 
Grignard coupling (16) between dixomobenzene and octytoromide. 

The blot* ccpoiymer was synthesized via a Heck coupling reaction (1 7) between the terphenylene monomer and 
p-<Svinyt>enzena The Heck coupling (reaction of an organic halide with a vinyl benzene giving a carbon-carbon ckxAle 
bond) was previously shown to have a great potential in polymerization reactions (18, 19. 20). and leads to the forma- 
tion of pure trans double bonds with very few side reactions. By using the same Heck coupling with two of the interme- 
diate conpounds from the copolymer synthesis, namely 2-bromo-1.4-dk>ctyi-benzene and p-dMnytoenzene. a model 
confound, l,4<y(2.5-dioctylstyryl)benzene (Figure 1b) could also be obtained. This oligomer, hereafter abbreviated as 
DDOSB corresponds to the PPV part from the TOP-PPV copolymer. 

The TOP-PPV copolymer could be obtained in good yields via Heck coupling, when using the dibrominated terphe- 
nytene monomer. This result is surprising since It is known that the Heck reaction is generally more effective with aryl 
iodides than with aryl bromines. In the present case it turns out that the presence of long aliphatic side-chains in the 
ortho position of the halide induces a important steric hindrance. Presumably the combination of the long side-chain 
with the bulky iodine atom results in difficult formation of the organcpaladum intermediate (17). 

The TOP-PPV and other copolymers of the invention may be used in light-emitting devices, such as diodes (UEDs). 
To demonstrate this light emitting devices were fabricated as described previously (25). A thin polymer f 1m was used 
as active layer and was sandwiched between two electrodes. Indium-tin oxide (ITO) was used as a transparent hole 
injecting anode, and aluminum as an electron injecting cathode. By applying a positive voltage to the ITO, current flows 
through the device and the emitted blue light can be seen through the transparent ITO and its glass substrate. 

The polymer of the invention also cppears to be a very efficient blue laser dye in solution. Research that led to the 
present invention demonstrated tor the first time the lasing performance of the novel highly efficient copolymer TOP- 
25 PPV in the blue wavelength region. The invention thus provides a dye laser, comprising a laser dye solution disposed 
in a resonant cavity, conprising a copolymer of the invention suph as TOP-PPV. and a non-aqueous solvent the solvent 
being substantially unable to chemically react with the copolymer and to absorb and emit light at a wavelength similar 
to the copolymer, and further comprising a pumping energy source producing stimulated emission in the dye solution. 
The wavelength of the punping energy source is preferably about 300 to 600 nm. Using the specific polymers as 
30 defined in claims 2-7 the wavelength of the stimulated emission comprises about 400-600 nm. 

The solvent is a liquid solvent preferably selected from the group consisting of xylene, methanol, chloroform, tolu- 
ene, tetrahydrofuran, chlorobenzene, dichlorobenzene and hexane. The copolymer is preferably present in the solution 
ataa>ncentrationofabout0.1 to10mg/ml. 

The invention further relates to a laser dye solution comprising a copolymer according to the invention, and a non- 
35 aqueous solvent, the solvent being substantially unable to chemicaly react with the copolymer and to absorb and emit 
light at a wavelength similar to the copolymer. 

In another aspect the invention relates to a method of producing a coherent laser emission in the operation of a dye 
laser in the wavelength range of about 400-600 nm comprising placing in an optically resonant cavity and optically 
punning a laser dye solution, corrprising a copolymer of the invention, to produce a population inversion in the laser 
40 dye solution with resulting stimulated emission. 

In a further aspect of the invention a polymer optical fiber amplifier is provided, wherein the organic dye doped in 
the polymer optical f toer is the copolymer of the Invention. The principle of polymer optical f iber amplifiers is tor example 
described in reference 41 . In such a POFA the copolymer may be dispersed in a polymer matrix forming a wave guide 
or f ibre. 

45 The invention also relates to a solid state dye laser, comprising a pure copolymer of the invention or such a copol- 
ymer dispersed In an appropriate polymer matrix The principle of solid state dye lasers is known to the skilled person. 

In a last aspect the invention provides a microcavity LED. comprising the copolymer as such or in a suitable solid 
medium sandwiched between two flat reflecting electrodes (Fabry-Perot configuration) serving also for the injection of 
holes and electrons. 

so The present invention will be further elucidated in the following Examples with reference to the figures. The Exam- 
ples are incorporated for illustration purposes only and are in no way to be construed as limiting the invention. 

In the ExarrpJes the following materials were used. Diethylether was distilled successively over phosphorus pen- 
toxyde (P2O5) and lithium alurrtnum hydride (LiAIH 4 ), tetrahydrofuran (THF) was distilled over UAIH 4 . Triethylamine 
was dried over potassium hydroxyde (KOH). Other solvents were used as such (PA. grade). 1 -bromo-octane. 1 ,4-dforo- 

55 mobenzene. 1 .4-diiodobenzene, palladium acetate (PdtOAc)^. tri-o-tolylphosphine were used as received (Janssen 
Chimica or AlrJch Chemicals). Dichloro[1,3--bis(dipheny^^ (f\HCy*ppD was synthesized 

according to the literature (31). Pure p<Svinytoenzene was isolated from a commercial mixture of isomers following the 
literature procedure (32). AN reactions were carried out under a dry argon atmosphere. 
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5XAMPIES 

EamciflJ 
5 Monomer synthesis 
l.l,4-dloctylbenzene(1) 

A solution of 1 -bromo-octane (385.8 g. 2.0 mol) in diethylether (300 ml) was added slowly to magnesium turnings 
w (72.9 g, 3.0 mol) in diethylether (450 mi). The reaction mixture was refluxed for 1 hour. The obtained Qrignard reagent 
was added slowly at room temperature to a solution of 1 .4-dibromo-benzene (189.0 g. 0.8 mol) and NCydppp] (0.5 g) 
in dry diethylether (600 ml) at such a rate to maintain gentle boiling of the ether. After addition of another portion of 
NiCydppp] (100 mg) stirring was continued for two days at 30°C. The reaction mixture was poured into a cold 5% aque- 
ous HO solution (1 L). after separating the layers, the water layer was extracted with dethyf ether and the combined 
f5 ether layers were dried over MgSO* filtered and the solvent removed by evaporation. Vacuum distillation (168°CA).4 
mbar) of the crude product provided the pure title product (182.5 g / 67%). 

1 H NMR 0.93(t CH*. 6H).1.33 (m. Cfcfe, 20H). 1.65 (m. p-CHfe, 4H), 2.61 (t. -C^, 4H), 7.14 (a. arom. CH74H); 13 C 
NMR 14.2 (CH3). 22.8, 29.4, 29.5, 29.6, 31.7, 32.0, 35.7 (CH2). 128.3 (arom. CH), 140.1 (arom. C). 

so 2. 2-bromo-1 ,4-dIocty Ibenzene (2) 

Bromine (86.4 g, 054 mol was added drop wise to a mixture of 1 ,4-diocty Ibenzene (162.5 g, 0.54 mol) and iodine 
(0.23 g, 1 .84 mol). under exclusion of light at room temperature. After stirring overnight the reaction mixture was poured 
into an aqueous solution (500 ml) of 20% KOH and 10% sodiumtNosutfate. Stirring was continued until the color disap- 
25 peared (ca. 5 min.). The aqueous solution was extracted with diethylether (2300 ml). The organic layer was dried over 
MgSO* filtered and the solvent was removed by evaporation. Kugelrohr distillation (1 85°C/0. 1 mbar) of the residue pro- 
vided the title product (172.5 g / 85%). 

1 H NMR 0.91 (t C% 6H). 1 .30 (m. CH>. 20H), 1 .59 (m, p-CZ-fe 4H). 2.56/2.70 (m, -CHfe. 4H). 7.04 (dd. arom. CH. 
1H), 7.13 (dd, CH, 1H), 7.37 (8, CH. 1H); 13 C NMR 14.0 (CH3), 22.6, 29.1, 29.2. 29.3. 29.9, 31.2, 31.8 (Chfe), 127.3, 
30 130.0, 132.3 (arom. CH), 124.1, 139.0. 142.2 (arom. C). 

3. 2A2 , \5"-tetraoctyl-p-terphenylane (3) 

2-Bromo-1 .4-dkxtytoenzene (175.2 g, 0.46 mol) was added dropwise to magnesium turnings (16.77 g, 0.69 mol) 
35 in boiling THF (50 ml). The reaction mixture was refluxed tor an half hour. The Qrignard reagent was then added drop- 
wise to a solution of p-dHodobenzene (60.7 g, 0.18 mol) and NiCI 2 [dppp] (0.5 g) in THF (1 L). When addition was com- 
plete, stirring was continued for two days at 40°C. The reaction mixture was poured into a cold 5% aqueous HCI solution 
(500 ml). After separating the layers, the water layer was extracted with diethylether (2200 ml). The combined organic 
layers were dried over MgSO* filtered and the solvent removed by evaporation. The crude product was recrystaliized 
40 twice from a methanol/diethyl ether (1/3) mixture, giving the title product (59.7 g / 48%). 

1 H NMR 0.86 (t, CHfe. 12H). 1.21/1.29 (m. CHfe. 40H). 1.56 (m, p-CHfe, 8H), 2.61 ft -CHfe, 8H), 7.13 (S, arom. CH t 
2H). 7.20 (s, arom. CH, 4H), 7.36 (s, arom. CH. 2H); 1 *C NMR 14.1 (Chy. 22.6. 29.2, 29.3, 29.5, 31.6, 3£7, 35.6 
(Chy, 127.2, 128.8, 129.1, 130.1 (arom. CH), 137.6. 140.1, 140.5. 141.4 (arom. C). Exact mass, calcd. for C50H78 
677.91 , measd. 677.91 . Anal. Calcd. for Cs^: C: 88.42; H: 11.58. Found: C: 87.99; H: 1 1 .68. m.p. 56-58 °C 

43 

4. 4 t 4"Kllbromo-2 f 5,2",5 w -tetraoctyl-p-terphenylene (4) 

Bromine 6.6 g, 41.2 mmoQ was added carefully to a mixture of 2,5^5"-tetraoctyl-p-terphenyfene (12.7 g, 18.7 
mmoQ and a few crystals of iodine in dicWormethane (50 ml) and glacial acetic acid (15 ml) under exclusion of light. 

so After one night of stirring the reaction mixture was poured into an aqueous solution (20 ml) of 20% KOH and 10% sodi- 
umthiosulfate. Stirring was continued until the color disappeared. Layers were separated and the aqueous solution was 
extracted with dichlormethane. The combined organic layers were dried over MgS0 4 . filtered and the solvent was 
removed by evaporation. Recrystallizatkwi from diethylether afforded the pure monomer (8.0 g / 51%). 

1 H NMR 0.87 (t. CAS*. 12H). 1.21/1.29 (m. CHfe. 40H), 1.61 (m. p-CHk 8H). 2.56 (t -CHfe. 4H). 2.73 (t -CH* 4H). 

55 7.1 1 (s, arom. CH, 2H). 7.31 (s. arom. CH. 4H). 7.47 (s. arom. CH 2H); ™C NMR 14.0 (CH3), 22.6. 29.2, 29.4. 29.5. 
31 .6. 32.7. 35.6 (CH2). 123.2 (arom. C-Br), 128.7, 131.5. 133.0 (arom. CH), 139.1. 139.6. 139.7, 140.6 (arom. Q.Exact 
mass to high to be measured. Anal. Calcd. for CsoH7 6 Br 2 : C: 71.75; H: 9.15. Br: 19.09. Found: C: 70.60; H: 8.90. Br: 
19.94. m.p79S0°C 
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Example 2 

Polymer synthesis 

5 Poly[2,5^" f 5"-tetraoctyl-p-terphenyM,4 w -ylene-vlnylene-p- phenylene-vlnylene] (5) 

A mixture of monomer 4 (1 .0 g, 1 .2 mmol), pdivinylbenzene (0.1 55 g. 1 2 mmol), Pd(OAc) 2 (0.01 1 g, 0.05 mmol), 
tri-o-totylphosphine (0.071 g, 0.23 mmol). triethytamine (2 ml) and DMF (5 ml) was placed in a heavy-wad pressure 
tube. The tube was degassed, then dosed (Teflon bushing) and heated to 100°C After 40 h of reaction thin layer chro- 

10 matography showed that the monomers were consulted. The reaction mixture was then poured into methanol (75 ml). 
The precipitated material was filtered off and dried under vacuum, giving a brown-yellow polymer (0.88 g, conversion ■ 
91%). The crude polymer was dissolved in chloroform and then filtered through a small column of KieseJgel, in order to 
remove traces of catalyst The resulting solution was concentrated and precipitated in methanol (75 ml). The yellow pol- 
ymer was collected by filtration and thoroughly dried under vacuum 

is 1 H NMR (broad signals) 0.89 (t CHj, 12H). 1.25/1.29/1.5 (m, CHfe, 48H). 2.64 (m, - CHfe. 8H), 7.1-7.6 (3 main 
peaks, arom. CH and vinyl CH. 16H), 13 C NMR 14.1 (CH3), 22.6, 29.2. 29.3. 29.5, 31 .8, 32.7, 35.6 (CHfe), 126.4, 126.8, 
128.8, 129.2. 130.1, 131.5 (arom. CH). 134.7, 137.2, 137.6, 138.1. 138.2, 140.1 (arom. C). Calcd. for C^H^ (repeat- 
ing unit) C: 89.49; H: 10.51. Found: C: 88.02; H: 10.51 ; Br: 0.89. 

20 Example 3 

Model compound synthesis 

1 ,4-dl(2,5-dloctylstyryl)benzene (6) 

25 

A mixture of 2-bromo»1.4-dioctytoenzene (compound 2) (1.7 g. 4.5 mmol). p-dhrinybenzene (0.25 g. 1.9 mmol). 
Pd(OAc)a (0.020 g. 0.09 mmol). tii-o-tolylphosphine (0.060 g. 020 mmol), triethytamine (2 ml) and acetonitrile (5 ml) 
was placed in a heavy-wall pressure ttfce. The tube was degassed, then closed (Teflon bushing) and heated to 100°C. 
After 40 hours the reaction mixture was poured into 5% aqueous HQ (100 ml), the solution was extracted with chloro- 

30 form (3x50 ml). The combined organic layers were dried over MgS0 4 . filtered and the solvent was removed by evapo- 
ration. Recrystaliizatbn from hexane afforded the pure compound (0.616 g / 44%). 

1 H NMR 091(tCH3,12H), 1.30(m, Cfcfe, 40H), 1 .63 (m. p-CA^, 8H), 2.64 (t -CHfe. 4H), 2.75 (t. -Cflfe, 4H), 6.99/7.14 
(m. 6H comprises Id. olef. CH, 2H and 2d. arom. CH. 4H). 7.37/7.45 (m. 4H comprises 1d, olef. CH. 2H and Id. aiom. 
CH, 2H), 7.55 (6, arom. CH. 4H); 13 C NMR 14.1 (CH 3 ), 22.6, 29.3, 29.5, 29.6, 31.3. 31.6, 31.9, 33.1. 35.7 (CH2), 125.5. 

55 126.4, 126.8, 127.8, 129.1, 129.6 (arom, CH), 135.5. 137.1, 138.0. 140.6 (arom. C). Anal. Calcd. for C^H^: C: 88.70; 
H: 1 1 .30. Found: C: 88.50; H: 1 1 .50. m.p 46-47 °C. 

Example 4 

40 Characterization of the TQP-PPV btacfc copolymer 

1. Measurements 

NMR-spectra were collected on a Varian (VXR 300) spectrometer with chkxoform-d as solvent and internal stand- 
45 ard. IR-spectra were recorded on a Mattson Instruments FT-IR spectrometer. UV-spectra were recorded on a SLM 
AMINO 3000 Array spectrophotometer. Ruorescence was measured on a SLM Amino SPF-500 spectrofluorometer. 
The Gel Permeation Chromatography (QPC) measurements were performed on a Spectra Physics 1000 system 
equipped with a Viscotek H502 viscometer and a Shodex RI-71 refractive index detector coupled to a Dawn light scat- 
tering apparatus; polystyrene standards were used for calibration. Thermogravimetrfo analysis was performed on a Per- 
so kin-Elmer Thermal Analysis System 7. Differential Scanning Calorimetry thermograms were recorded on a PerMn- 
Elmer DSC7. 

2. Results 

55 Qel Permeation Chromatography measurements with THF as eiuent indicated Mw - 4500 (Mw/M n - 1.7) for the 
TOP-PPV copolymer as prepared in Example 2. This molecular weight appears to be relatively low, identically to what 
has been observed in other polymerizations of this type (18,19). It shows that the reaction is rather slow and that the 
oligomers formed probably become less and less reactive during their growth until they eventually precipitate. Optimi- 
zation of the reaction conditions and alternative synthetic routes may lead to higher molecular weights. 
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The solubility of TOP-PPV is very good in common organic solvents such as tetrahydroforan, chloroform or toluene. 
Casting or spin coating from solution produces homogeneous, pin-hole free thin films, as evidenced by the realization 
of operational LEDs (see Example 5). 

NMR spectra of the copolymer are globally consistent with the expected repeating unit In the 1 H NMR spectrum 
aH the aromatic peaks are between 7 and 8 ppnx The absence of peaks at about 6.5 ppm indicate that no cis vinylene 
bonds are present Since the molecular weight is low, smal peaks corresponding to vinyl end groups can be seen at 
5.3 and 5.9 ppm. In the 13 C NMR spectrum a few small extra peaks are also observed in the aromatic region, which 
render exact assignment difficult Elemental analysis indicates the presence of some bromine (0.89%) corresponding 
to terphenylene end groups. 

Infrared spectroscopy spectra of the TOP-PPV copolymer show a peak at 960 cm' 1 that corresponds to the stretch- 
ing of trans- vinylene bonds (21), whereas no peak corresponding to the stretching of cis-vinylene bonds (21) can be 
seen in the 890-900 cm" 1 region. This clearly confirms that only trans double bonds are formed by the Heck reaction. 

Thermogravimetric analysis (TQA) revealed a very good thermal stability, up to 420°C under nfrogen (Figure 2). 
This is similar to the stability observed In substituted PPVs (20). Differential Scanning Cabrimetry (DSC) thermograms 
75 s* 0 * * Qk» transition at -20°C and melting of the side-chains at 50°C. Those results are consistent with the structure 
of the copolymer i.e. presence of octyl side-chains and relatively low molecular weight Increase of the T fl can be 
achieved by decreasing the length of the side-chains (but with drop of the solubility) and/or by obtaining higher molec- 
ular weight 

The optical properties of this new copolymer are of primary inportance for the invention. A first step in the charc- 
20 terization of the copolymer is therefore the study of the absorption and emission features in solution. 

The UV- Visible absorption spectrum of TOP-PPV in THF solution has a maximum at 365 nm (Figure 3a). The solu- 
tions show very intense blue florescence with maxima at 422 nm and 446 nm (Figure 3a). The fluorescence quantum 
yield was measured as n>- 0.8 (excitation at 360 nm). In a non polar solvent like hexane, absorption and emission are 
6 nm blue shifted, and the quantum yield goes even uptod>« 0.9. 
25 The absorption, emission and quantum yield of TOP-PPV are comparable to those generally observed tor substi- 
tuted PPV oligomers (22). Those features were measured for the model corrpound DDOSB. In THF solution the 
absorption maximum isat 355 nm and two emission bands are visible at 400 and 420 nm (Figure 3b). The fluorescence 
quantum yield is * . O.a There is a striking similarity between the optical properties of the TOP-PPV copolymer and 
the DDOSB model compound. The fluorescence quantum yields appear to be exactly the same and the absorption and 
emission peaks of the copolymer are simply 1 0-20 nm red shifted when conpared to the oligomer. 

Those results confirm that the active chromophores in the copolymer are the PPV blocks (Figure 4). The interrup- 
tion of the conjugation can be understood by considering the steric interactions on the copolymer backbone. It is known 
that even in non substituted polyphenylenes, two adjacent phenyl rings are not copianar (23). Steric hindrance between 
the protons of the phenyls indices a twist of about 23*. which still enables a reasonable overlap of the * orbftaia. The 
35 presence of bulky side-chains, like the octyl chains here, is responsible for a much larger twist angle between the phenyl 
rings, disabling the possibility of conjugation through the three consecutive phenyl rings from the terphenylene in the 
copolymer of the invention. So the conjugation of the fully unsaturated backbone is regularly interrupted, resulting in 
well defined PPV chromophores connected to each other by non copianar phenyl ene groips. A very interesting point 
is that in this copolymer structure the photoluminescence efficiency in solution does not drop when conpared to that of 
*o the chromopbore molecules. 

Example 9 

Lioht emitting device* 

45 

A thin polymer f am (50-75 nm) was spin coated (1000-5000 rpm) from a filtered (10 pm filter) toluene solution (3%) 
on an indium-tin oxide coated glass substrate. An aluminum electrode was evaporated (vacuum below 10" 6 nfoar) on 
top of the polymer f im with a mask. All fabrication steps were performed in clean room conditions. For photolumines- 
cence studies of thin flms the polymer was spin coated from the same solutions on glass slides. 
so Rim thickness were measured with a Sloan Dektak 2030 ST Surface Texture Analysis System Electrolumines- 
cence measurements (l-V-L and quantum efficiencies) were performed on a system conprising a Keithley 236 Source- 
Measure Unit coupled to a sample holder, and a Labsphere integrating sphere with a calibrated silicon photo-diode cou- 
pled to a SR400 photon counter. Measurements were done at room tenperature in air. 

Figure 5 shows the photoluminescence spectrum of a thin film of TOP-PPV and the electrolurrinescence spectrum 
an ITO/TOP-PPV/A1 device. The two spectra are almost similar, indicating that the same excited states are involved 
the two processes. The emission is centered at about 440 nm.whk^ is slightly red shmed when compared to the pho- 
toluminescence from solutions. 

Figure 6 represents typical current-voltage and luminescence-voltage measurements in a device. Current and light 
arise at almost the same voltage which is increasing with the fim thickness (26). The device measured in figure 6 shows 
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a turn-on voltage of 17.5 volts obtained in a 70 nm thick film, corresponding to a field of 2.5E10 8 VAn. This turn-on volt- 
age is relatively Ngh but is consistent with the fact that we deal with a high band-gap polymer in which it is difficult to 
ir^ect charges. Furthermore a non optimized device configuration was used here 

The extern^ eff iciency of the devices was measured in an integrating sphere and found to be in the range o* 10* 2 
% photons/electrons. The highest value obtained was 0.03 % photons/electrons. Those off kaendee appear to be low 
but the result has to be tenpered since external quantum efficiencies are measured on non-optimized dances. To opti- 
mize me devices the use of a metal with a lower work function (calcium or magnesium for example) known to feciltate 
the Section of electrons (27. 28, 29) might be considered, and/or the devices may be realized with multi-layer struc- 
tures including additional charge injection and transport layers (4, 11. 12, 30). 

Example 6 

Lastag effect 

Figure 7 shows the €tosoit>ance (X^ - 357 nm) and emission (X^ « 440 nm) spectra of a solution of the TOP- 
PPV copolymer in hexane (10 mm quartz cell). Photoluminescence quantum yields as high as <t> F about 0.8-0.9 were 
obtained in solution (THF, hexane) which gave a dear indication of the possibility of lasing action. 

In order to test the lasing effect energy conversion efficiency measurements were performed using a linear non dis- 
persive cavity in a quasi-longitudinal pumping arrangement The experimental setup is schematically depicted in figure 
8. The cavity is defined by a concave metallic rear mirror and a flat dielectric output coupler (transmittance T - 81%. X 
- 360 • 460 nm) separated by a distance of 95 mm. The pump source was a Nd:YAQ laser. Quanta-Ray OCR 130-50. 
operating at tripled frequency (X - 355 nm, p-polarized. pulse width - 8 ns) with a repetition rate of 1 Hz. In order to pre- 
vent laser generation from the cell wans and to minimize Frensel tosses, the dye ceN (pathlenght 1 0 mm) was tilted with 
respect to the punping beam. The angle between the pumping and generated beam was approximately 7°. The input 
and output pulse energy was monitored with two calibrated pyroelectric detectors (Coherent LMP 5. Molectron J3-Q2 
respectively). The spectral characteristics of the laser and luminescence output were measured with an Optical Mul- 
tichannel Analyzer (Princeton Instruments). 

In the case of tuning range measurements a quartz prism was incorporated between the rear mirror and the dye 
cell as a dispersive element. Wavelength tuning was achieved by rotation of the rear mirror. 

The lasing performance of TOP-PPV was studied in three solvents: tetrahydrofuran. hexane and p-xytene (Merck, 
spectroscopic grade). In the case of hexane (a poor solvent for TOP-PPV) the solution was filtered over an 0.2 nm filter 
to remove undissolved corrpound. The reference laser dyes Coumarin 120 and 47 (lambdachrome LC 4400 and LQ 
4700) were used In ethanol solution (Merck, spectroscopic grade). All prepared solutions had a transmittance of 1% at 
X - 355 nm. measured in a standard 10 mm quartz cuvette on a SLM amino 3000 diode array spectrometer. Concen- 
tration dependent measurements at fixed pump energy indicated that the transmittance (T-1%) of the dye solutions 
were in the region of optimum efficiency. 

Clear evidence of laser action of the TOP-PPV copolymer is shown in figure 9. When the pump energy exceeds the 
treshdd energy of lasing. intense blue light with a narrow spectral bandwidth (7 nm. FWHM) was emerging from the 
output coupler. The spectrum of the spontaneous emission was obtained after blocking the rear mirror of the cavity to 
interrupt the feedback system. The wavelength of laser generation coincides with the maximum of the fluorescence 
emission spectrum. 

Figure 10 shows the ordinary linear dependence of the output pulse energy of the dyes as function of the input 
pulse energy of the Nd:YAO laser. This plot clearly demonstrates that the conversion efficiency (7%) of TOP-PPV in 
hexane is significantly higher than in all other cases. The conversion efficiencies and lasing wavelengths for all dyes are 
given in table 2. The efficiencies of TOP-PPV in THF and p-xytene (1 .8 and 2.8% resp.) are comparable to that of the 
coumarine dyes. As expected the lasing wavelength for TOP-PPV in THF and p-xylene are red shifted (bathochromic 
shift) with respect to hexane due to increasing solvent polarity. The lasing bandwidth of the TOP-PPV polymer was 
approximately 7 nm in al solvents. The bandwidth of both coumarin dyes was almost twice larger. 12 nm. During all 
measurements no visible signs of photodegradation were observed. 

The results of the wavelength tunabilrty measurements are shown in table 2. 
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Table 2 
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T dye 


solvent 


(nm) a 


efficiency 
(%)• 


tuning 
range (nm) b 


TOP-PPV 


THF 


449 


1.8 


438-456 


TOP-PPV 


p-xylene 


449 


2.8 


436-456 


TOP-PPV 


hexane 


440 


6.8 


414-452 


Coumarin 47 


ethand 


451 


2.8 


444-470 


Coumarin 120 


ethanol 


439 


2.3 


424-450 



*Snaer non dispersive cavity, 
b dtepersive cavity 



For the TOP-PPV copolymer in hexane the tuning curve and the fluorescence spectrum are plotted in figure 11. From 
this plot it can be seen that the tuning curve follows the shape of the emission spectrum in the wavelength region with 

so the highest emission cross section (414-452 nm), due to the small overlap between absorbance and emission band. 
The wavelength tuning range of TOP-PPV in hexane (Ak - 38 nm) was the highest among aH dye/solvent systems 
measured, which demonstrated the superior efficiency of this polymer solution. It should be mentioned that the band- 
width of laser generation was 3 nm (FWHM) in all cases and was mainly determined by the dispersion of the cavity. The 
reason for the higher conversion efficiency of TOP-PPV in hexane is unclear at this moment Gel Permeation Chroma- 

25 tography (QPC) of the solution revealed that the molecular weight distribution changed with respect to THF and p- 
xylene. Oue to the poor solubility in hexane, only the lower molecular weight species dissolved and as a result the poly- 
dispersity (MwMn) decreased from 1 .7 (in THF) to 1 . 1 7 (M n - 3, 1 . 10 3 . Mw-3,ai 0 3 ). 

In conclusion we have demonstrated the performance of a novel high efficiency copolymer laser dye In the blue 
wavelength region. The conversion efficiency when pumped by third harmonic radiation of a Nd:YAQ laser exceeds that 

so of the well known coumarin dyes in this wavelength region. In the case of the TOP-PPV copolymer in hexane a wave- 
length tuning range of almost 40 nm was obtained. The lasing performance of this polymer shows considerable promise 
for the development of stable solid state dye doped laser materials based on TOP-PPV. 

Example 7 

35 

Synthesis and characterization of other copolymers of the invention 

Other corresponding copolymers were synthesized in a similar manner or according to the synthesis pathways 
described in Fig. 12 for silicon interrupted copolymers and Fig. 13 tor terphenyl (and silicon) interrupted coploymers. 
40 The optical properties (absorption and emission) in solution (tetrahydrofuran) of the copolymers thus obtained are 
listed in Tatte 3. "Max" represents the maximum absorption and emission waveienths, and "<P" is the fluorescence 
quantum yield. 
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Table 3 

Optical properties of novel copolymers 



Absorption (nm) 



Emfesion (nm) 



Polymer 



Side-chains 



Max. 



Max. 




R-alkyl 
R m alkoxy 



366 
410 



41S 
(440) 

460 
(490) 



OA 
0.8 




R-alkyl 
R- alkoxy 



360 
400 



412 

(438) 

482 

(480) 



0.6 
0.6 




R - alkoxy 



425 



480 

(520) 



0.4 




R-alkyl 
R - alkoxy 



330 
380 



440 



0.6 
0.7 




R . alkoxy 
R — crown 



362 
365 




R. alkoxy 



The present invention provides a new gro* of Emitting copolymers ^^^^^^co^ 
emission wavelength. In a prefered embodiment the invention provides the novel blue light em.tt.ng TOP-PPV copoly 

mer. 
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Claims 

1 . Light-emitting copolymer of the general structure: 

•[V-ZHV-ZJ-y (0 

wherein: 
y * 1; 

Y and Y are interruption unit(s) either the same or different and selected from the group consisting of 




(ID (HI) (IV) (V) 



wherein X is C, Si, Ge. C-O, Si-O; 

g * 1 and Ri may be the same or different within a Y or Y unit and may or may not vary between succes- 
sive Y or Y units and is selected from the group consisting of hydrogen, aryl, nitre, crown-ether, (C<| -Ch- 
alky), which aJkyl may be either linear or branched and is linked to the phenyl ring either directly or by 
means of an intervening group selected from ether, ester, thio ether, thioester, amino; and 
h ft 1 and R 2 may be the same or different within a Y or Y unit and may or may not vary between succes- 
sive Y or Y units and is hydrogen. (Cj-C^alkyl (linear or branched) or (Ci-C^alkoocy (linear or 
branched); 

Z is a light-emitting unit of the general formula 

-tAMBk- (VI) 

wherein: 



12 



c 



c 



EP0 74S 658A1 



as 1; 

A is a unit of the general formula: 



R* 




(VII) 



R5 fca R^ 



wherein R3, maybe the same or different within unit A and may or may not vary between successive 
units A and is selected from the group consisting of hydrogen, aryi, nitro. (C r C 16 )alkyl f which alky! 
may be either linear or branched and is linked to the phenyl ring either directly or by means of an inter- 
vening group selected from ether, ester, thioether, thioester, amino; and 

wherein R 4 is the same or different within unit A and may or may not vary between successive units A 
and is selected from the group consisting of hydrogen, C-N (nitrile), ester, aryi; 

bisOoM; 

B is a group of the general formula: 




(VIII) 



wherein R 5 may be the same or different within unit B and may or may not vary between successive 
units B and is selected from the group consisting of hydrogen, aryi. nitro, (G,-C 16 )alky1, which alkyl 
may be either linear or branched and is linked to the phenyl ring either directly or by means of an inter- 
vening grocp selected from ether, ester, thioether, thioester. amino; 

or B is a group of the general formula: 




(IX) 



wherein Re is the same or different within unit B and may or may not vary between successive units B 
and is selected from the group consisting of hydrogen, C-N (nitrile). ester, aryi. 

2, Light-emitting copolymer as claimed in claim 1 . characterized by the general structure: 
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wherein n is preferably * 2 and a 200 and R is C 8 H 17 . 0-C 8 H 17 or 0-C 4 Hg. 
3. Light-emitting copolymer as claimed in claim 1 , characterized by the general structure: 




wherein n is preferably * 2 and s 200 and R is C 8 H 17 . 0-C 8 H 17 or O-C4H9. 
4. Light-emitting copolymer as ciaimed in claim 1 . characterized by the general structure: 




wherein n is preferably * 2 and a 200 and R is 0-C 8 H 17 . 
5. Light-emitting copolymer as claimed in claim 1 , characterized by the general structure: 




wherein n is preferably a 2 and a 200 and R is -C^, -0-C 8 H 17 or O-C^. 
6. Light-emitting copolymer as claimed in claim 1 . characterized by the general structure: 
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wherein n is preferably *2and*200andRte 0-C 8 H 17 or 




7. Light-emitting copolymer as claimed in claim 1 , characterized by the general structure: 




wherein n is preferably * 2 and £ 200 and R is 0-C 8 H 17 . 

8. Dye laser, comprising: 

a) a laser dye solution disposed in a resonant cavity comprising a copolymer as claimed in any one of the 
claims 1-7, and a non-aqueous solvent the solvent being substantially unable to chemically react with the 
copolymer and to absorb and emit light at a wavelength similar to the copolymer, and 

b) a pumping energy source creating population inversion in the dye solution. 

9. Dye laser as claimed in claim 8, wherein the wavelength of the pumping energy source coirprises about 300 to 600 

nm. 

1 0. Dye laser as claimed in claim 8 or 9. wherein the copolymer is one of the copolymers as claimed in claims 2-7 and 
wherein the wavelength of the stimulated emission comprises tfx>ut 400-600 nm. 

11. Dye laser as claimed in claim 8, 9 or 1 0, wherein the solvent is a liquid solvent selected from the group consisting 
of xylene, methanol, chloroform, toluene, tetrahydrofuran, chlorobenzene, dichiorobenzene and hexane. 

12. Dye laser as claimed in any one of the claims 8-11. wherein the copolymer is present in the solution at a concen- 
tration of about 0.1 to 10 mg/mi. 

1 3. Dye laser as claimed in claim 8. wherein the laser dye solution has been replaced by a copolymer dispersed in a 
solid polymer matrix. 

14. User dye solution comprising a copolymer as darned in any one of the claims 1-7, and a non-aqueous solvent, 
the solvent being substantially unable to chemically react with the copolymer and to absorb and emit light at a 
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wavelength similar to the copolymer. 

1 5. A method of producing a coherent laser emission in the operation of a dye laser in the wavelenglh range of aboirt 
4oH»nm Wising Pacing in an optically resonant cavity and opticaRy pumping a laser dye sdubon as 
c^n^in^aT^ a^ng a copolymer as claimed in any one of the claims 2-7. to produce a populate .nver- 
ston in the laser dye solution with resulting stimulated emission. 

16. Ught-emitling device, conprising afim of a copolymer as claimed in any one of the claims 1-7 on a solid (rigid or 
flexible) support and two electrodes. 

17. Polymer optical fiber amplifier, conprising as a dye the copolymer as claimed in any one of the claims 1-7. 

1 8. Polymer optical fber amplifier as claimed in claim 1 7. wherein the copolymer is dispensed in a polymer matrix form- 
ing a wave guide or f tore. 

19. Solid state dye laser, comprising a pure copolymer as claimed in any one of the claims 1-7 or such a copolymer 
dispersed in an appropriate polymer matrix. 

on MirrncawHv LED comorisinQ the copolymer as claimed in any one of the claims 1 -7 as such or in a suitable solid 
nlS ^^^3^^^ electrodes (Fabry-Perot configuration) servrg also for the injection 

of holes and electrons. 
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Figure 1a 
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Figure 1b 



C 8 H 17 Pd(OAc) a I (ototfeP 
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Figure 4 
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